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Intermediate valencea b s t r a c t
The preparation and deﬁnition of stoichiometric large (3–5 mm edge length) single crystals of CeN are
described. The band structure is discussed and compared with X-ray-photoemission-spectra (XPS), Brem-
sstrahlen-isochromat-spectroscopy (BIS) and optical reﬂectivity. CeN is intermediate valent with par-
tially occupied and empty 4f states near EF. The speciﬁc heat is measured until 0.3 K and the c term
exhibits a sharp upturn toward the lowest temperatures. The Debye temperature is evaluated. The mag-
netic susceptibility is a large Pauli term pointing to a high density of states at EF as expected for a frac-
tionally ﬁlled 4f1 state.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
The history of rare earth mono-nitrides is a long lasting (more
than 50 years) story of errors, misunderstanding, limited measur-
ing techniques and undeﬁned samples. Fundamental questions
arise due to the conducting behavior, semiconductors, semimetals
or metals and to the magnetic behavior, ferro-, ferri-, antiferro- or a
temperature independent susceptibility.
First magneto-chemical measurements have been performed in
the late 50s on poly-crystals of undeﬁned composition. The prob-
lem rests in the fact that nitrogen is a gas whereas for the other
rare earth pnictides the pnictogen is a solid. The latter enables easy
mixing of the constituents and at high enough temperatures the
chemical reaction starts, but the stoichiometry of the resulting
materials has rarely been checked. Handbook articles about rare
earth pnictides are in Ref. [1,2].
Stoichiometry (from Greek rsoiveiom lesqeim, basic mate-
rial measure) is the key element for all rare earth pnictides, but
especially for the nitrides. Exact stoichiometry means e.g.,
Ce1.0N1.0, but all pnictides generally have metal in excess of up to
10%, e.g., Ce1.0N0.9 or Ce1.1N1.0. As will be more elaborated later
on, each excess metal ion will donate excess electrons and turn a
possible semiconductor into a semimetal or metal. Thus a stoichi-
ometric nitride may be an antiferromagnet, but becomes a ferro-
magnet with off-stoichiometry [3]. In this paper we use the termstoichiometry in short for a 1:1 exact stoichiometry, elsewise we
use the term off-stoichiometry.2. Crystal growth and deﬁnition
Very often it is the crystal structure and rock-salt phase purity,
which are used as a sign of stoichiometry. Even in the most recent
investigation on rare earth nitrides [4] the phase purity from XRD
has been used to claim perfect stoichiometric polycrystalline sam-
ples. But it is a fact that non-stoichiometry up to 10% is still single
phase with only the rock-salt structure. Of course there is a large
diffuse background since the lattice defects are disordered and
do not exhibit another crystallographic phase. But when one insists
on using 99.99% pure rare earths and 99.9995% pure N and thus
hoping to get perfect samples, one has not understood the prob-
lems with non-stoichiometry [4]. Some authors realize or even
measure the off-stoichiometry of their samples but think this
would not change the physics of the material. But it does, as will
be shown further down.
All rare earth mono-nitrides are metallic conducting (the other
mono-pnictides just as well) when measured in function of tem-
perature [1–3]. The point is: are they metallic because of excess
metal electrons due to non-stoichiometry or is this an intrinsic
property due to the band structure and p–d overlap? In any case
those nitrides, which have the lowest carrier concentration and
perfect measured stoichiometry are the best and serve as intrinsic
standards.
All nitrides have been prepared with various methods [1–3] and
resulted in poly-crystals of unknown stoichiometry, or when
chemically analyzed in appreciable metal excess [5,6]. But single
crystals of the nitrides can also be grown [7,8]. In short, the han-
dling of the metal and the compound has been performed in metal-
Fig. 1. Combined XPS–BIS spectra of CeN ﬁlms. The relative intensities have been
normalized (Ref. [15]).
236 P. Wachter, N.D. Zhigadlo / Results in Physics 3 (2013) 235–240lic argon glove boxes gettered by hot cerium turnings, having a
residual oxygen concentration of less than 3 ppm. Commercially
available 99.99% sublimed rare earth metal has been transformed
into metal turnings in the glove box and pre-reacted with an
induction furnace in an open Mo crucible for 12 h at 1900 C in a
nitrogen stream. The resulting polycrystalline material has been
reground in the glove box and nitrided again for 12 h and the pro-
cedure repeated again. Even after 24 h of X-ray irradiation only the
rock-salt structure could be detected. The material has been ana-
lyzed with a micro Kjeldahl method [8] for its nitrogen content
and was found to be stoichiometric (±0.5%). This pre-reacted mate-
rial has been put into a tungsten crucible closed and welded with
an electron beam. A temperature gradient of 1940 and 1970 C be-
tween top and bottom of the crucible has been maintained for
11 days and then the crucible has been slowly cooled. Large single
crystals between 3 and 5 mm edge length had grown. Within the
precision of the chemical analysis no nitrogen has been lost. Single
crystals from this crucible have been cleaved in the glove box and
been transferred without contamination with air into the various
measuring apparatuses. Single crystals from top or bottom of the
crucibles, though with the same stoichiometry, could have slightly
different physical properties. So all physical measurements should




















Fig. 2. Magnetic susceptibility of CeN single crystals.3. Intermediate valence
Already by looking at the crystals one observes a difference to
all other nitrides: CeN has an orange to golden color, in contrast
to all other nitrides, which are black. It had already been realized
in 1963 [9] and 1969 [10,11] by comparing the lattice constants
of all rare earth nitrides, that CeN drops out of the regularity of lan-
thanide contraction with a much smaller lattice constant than the
neighboring PrN and LaN. In fact Kaldis et al. [12] investigated the
phase relationship within the Ce-N system and found for stoichi-
ometric CeN a lattice constant of 5.018 Å. Already in 1969 [10,11]
it was realized that CeN was a mixture of tetravalent and trivalent
CeN with a valence of about 3.4 and Baer and Zürcher [13] interpo-
lated between a hypothetical trivalent CeN and a tetravalent CeN a
mixed valence of 3.46 at room temperature. But it was also clear by
measuring the lattice constant up to 1000 K that the valence of CeN
decreased abruptly above 600 K with a concomitant increase of the
trivalent Ce3+ [11].
It is thus clear that CeN is a mixed valence compound or in its
quantum–mechanical description an intermediate valence com-
pound. But is it also a heavy fermion compound, which means that
the Fermi energy lies in a high density of f-states at EF? It has al-
ready been explained [14] that every heavy fermion is also inter-
mediate valent, but not every intermediate valent compound is a
heavy fermion, example SmB6, where EF lies in a hybridization
gap. The difference depends on the number of f electrons, odd or
even. Ce3+ has one 4f electron and is odd, Sm2+B6 has 6 4f electrons
and is even, but as well CeN as SmB6 are intermediate valent.
A beautiful experiment has been performed by Baer and Zür-
cher [13], namely core level XPS on our CeN single crystals and
on Ce metal. Because tetravalent Ce has no more f electrons one
must resort to the inﬂuence of f occupation on the inner 4d elec-
tron shells. Core level XPS has also been measured on metallic
Ce, as well at room temperature as at 77 K. But at this low temper-
ature Ce transforms into the a phase with a certain fraction of tet-
ravalent Ce. Two new peaks appear in the XPS spectrum, which are
also present in CeN. It is thus clear that also CeN is intermediate va-
lent. The XPS spectrum of the valence band [13,15] (Fig. 1) of CeN
crystals and ﬁlms shows a sharp peak at the Fermi level. This is the
fractionally ﬁlled 4f band. This structure in reality is much nar-
rower than shown in Fig. 1 because of the low resolution of XPSmeasurements. In fact a UPS measurement reveals this 4f–5d peak
at EF much sharper [16]. In this narrow f band at EF we then expect
a large density of states and electrons with heavy masses.4. Magnetic susceptibility
When the density of electrons at EF is so large as claimed we
also can expect a large temperature independent Pauli susceptibil-
ity. This is indeed the case and is shown in Fig. 2, one of the most
beautiful examples of Pauli paramagnetism. Other strong Pauli
susceptibilities are reported for the Pu chalcogenides [17] and
some Am chalcogenides and pnictides [2,18]. Now the susceptibil-
ity of unknown – stoichiometric CeN had already been measured in
1963 [9], and a temperature independent susceptibility has been
found with v = 433  106 emu/mole. In 1969 [11] no evidence
of a temperature independent susceptibility had been observed
but paramagnetism with a much smaller susceptibility than ex-
pected for a purely trivalent Ce3+. The authors have measured only
down to 7 K whereas our measurements extend until 2 K. But they
suggest that the strong increase of the susceptibility below about
100 K would be due to magnetic impurities, because a similar in-
crease in the susceptibility has been observed for LaN and LuN,
where no intrinsic magnetic ions are present. If so, our increase
of the susceptibility commences only below about 20 K and sug-
gests a much smaller content of a magnetic impurity. After all
we used stoichiometric single crystals. Ce excess in CeN would lead
to such a paramagnetic impurity [11]. When we plot 1/v in Fig. 3
we see that the paramagnetic susceptibility below about 20 K
extrapolates exactly toward 0 K, as would be expected for a mag-
netic rare earth impurity.



















Fig. 3. 1/v, the reverse susceptibility of CeN.
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T? 0 is 700  106 emu/mole, appreciably more than in Ref. [9].
The Pu chalcogenides PuS, PuSe and PuTe are other examples of
Pauli susceptibility [2,17] and PuTe e.g., has a Pauli susceptibility
of about 300  106 emu/mole. The susceptibility and the c value
of the speciﬁc heat are connected:
c ¼ p2k2B
3l0l2B
4p106vPauli. With vPauli = 700  106 emu/mole we
obtain c = 43 mJ/mole K2. Though some ‘‘heavy fermions’’ have c
values up to 1600 mJ/mole K2 (CeAl3, CeCu6), there are others with
c values of 24 (U6Fe) and 21(U6Co) [19].












¼ ð2=3ÞDðEFð0ÞÞ  EFð0Þ ¼ ð2=3ÞvPaulið0Þl0l2B
kBTF:
With TF the Fermi temperature, taken to be 3000 K = 0.36 eV, corre-
sponding to the width of the UPS peak at the Fermi level of Ref. [16].
The effective mass then turns out to be meff = 34 me.5. Band structure
The band structure is similar for most rare earth pnictides. It
will be on the one hand like ScN [20] with an indirect overlap of
the p band at C with the d band at X resulting in charge carriers
with more or less normal effective masses. CeN has on the other
hand also a fractionally ﬁlled f band at EF with heavy f electrons
and a hybridization of f and d electrons. Here we have to come back
to Fig. 1, where not only the XPS results on occupied electronic
states are shown, but in BIS (Bremsstrahlen isochromat spectros-
copy) also the empty electronic states or bands [15]. The measure-
ments are on CeN ﬁlms of unknown stoichiometry and lattice
constant [15]. The authors explicitly state that there is no overlap
between the anion derived p band and the cationic d band. Thus
the empty 4f band above EF is at most hybridized with the empty
d band, but the occupied 4f state below EF is not hybridized with
the d band. This is very confusing, because then it would not lead
to f–d hybridization and intermediate valence. The proposed f
occupation is with nf = 0.83 which is in disagreement with other
results (nf = 0.35, see above).
The essence of the rare earth pnictides including ScN and most
nitrides is, that they have an indirect p–d overlap between themaximum of the p band at C and the minimum of the d band at
X [20,21], with ScN the smallest overlap of only 80 meV. This over-
lap results in metallic conductivity and a certain amount of free
carriers, measured in the Hall effect or the plasma resonance in
an optical experiment. Now CeN with its small lattice constant,
smaller than the neighbors LaN and PrN, has the largest p–d over-
lap of all nitrides, manifest in the largest plasma resonance of
3.8 eV of all nitrides (see below). So there must be a large p–d over-
lap. In Fig. 1 [15] there seems to be no p–d overlap, but an XPS
measurement is not very sensitive to p and d electrons, mostly sen-
sitive to f electrons. If we do not shift the question to a lack of stoi-
chiometry we are left with a problem.
In recent years there are many band structure calculations on
rare earth nitrides, in fact on CeN in Ref. [22], on all nitrides in
Ref. [23], in Ref. [24] on CeN, in Ref. [25] on CeN (and another Ce
compound) and in Ref. [26] on Ce pnictides and in Ref. [27] on
all rare earth pnictides. However, band structure calculations of
whatever type all suffer from the same drawback that in rare
earths and their compounds localized 4f states still are narrow
bands. E.g., in GdN the band structure is exactly as described above,
with the indirect overlap of p(C) with d(X), with the 4f7 localized
level 9 eV below EF, but band structure calculations seem to ﬁnd
a small gap [23,27] between the maximum of the p band at C
and the minimum of the d band at X, making the material a semi-
conductor. This is in contrast to experimental ﬁndings on stoichi-
ometric GdN single crystals, which always were and are metals
(semimetals [3]). Also the claim that GdN is ferromagnetic is just
as incorrect [3], it is antiferromagnetic in very small ﬁelds. There
exists no ferromagnetic rare earth pnictide in stoichiometric single
crystals (to be published)! In fact localized 4f levels have a width
less than 104 eV, [3], beyond the limits of band structure
calculations.
However, in CeN there seems to be a way out. When 4f levels are
found at the Fermi level as in Fig. 1, then, by deﬁnition the 4f form
narrow bands. As such they are taking part in the bonding of the
crystal and the additional binding energy reduces the lattice con-
stant. So the transition localized–delocalized is concomitant with
a lattice reduction. This puts a question mark in the calculation of
the degree of mixed valence in CeN derived from the lattice con-
stant alone, comparing the radius of Ce3+ localized 4f with empty
4f in tetravalent Ce, offering a value of the valence of 3.45. Part of
the reduced lattice constant is due to the bonding of 4f in CeN.
On the other hand, having a real 4f band at the Fermi level as in
CeN makes band structure calculation much more credible and in
fact all calculations agree even in detail with each other [22–27].
But in this compound the p–d band structure is different from
the standard ScN like plus localized 4f. The maximum of the p band
is shifted to X and the minimum of the d band remains at X, so
there is a direct overlap p–d at X making the material a metal
(not semimetal) (see Fig. 4) [23]. This is in contrast to Fig. 1 [15]
where no p–d overlap is postulated. But it permits exactly a large
free carrier concentration, which then is manifest in a high plasma
resonance of 3.8 eV (see below). But we not only have a p–d over-
lap, evidenced in covalency, but also a f–d hybridization and a frac-
tional occupation of the f band, permitting intermediate valence, as
postulated since early times. But we also recall that BIS measures
as ﬁnal state the 4fn+1 state, for CeN the 4f2 level. The band struc-
ture calculation [23] shows the position of the empty 4f bands
around 1 eV and the band with mixed d and f character crossing
the Fermi level along C–X. The authors calculate 4f0.655d1.29, be-
cause there are also p-electrons in the d band. The general picture
is agreeing mostly with the f states in Fig. 1, but the p–d– and f
mixing is in sharp contrast with Fig. 1 [15].
This f–d hybridization should also lead to a hybridization gap
within the fractionally occupied 4f state as we have seen in YbN
[28] but also in PuTe [17,14], UPt3 [29,14], CeCu6 [30,14], U2PtC2
Fig. 4. Self consistent band structure of CeN LSDA + U (Ref. [23]). Note the position
of the empty 4f bands around 1 eV and the band with mixed d and f character
crossing the Fermi level along C–X. The Ce f-orbital character is highlighted in red.
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as in PuTe [14] but in a density of states peak.6. Optical measurements
In an optical reﬂectivity measurement we will observe at room
temperature a plasma resonance in the near infrared due to p–d
charge carriers with normal masses corresponding to some per-
cents of charge carriers and at low temperatures an additional
plasma resonance due to the heavy 4f electrons in the far infrared.
Such measurements have been performed by Marabelli et al. [29]
on UPt3 and Marabelli and Wachter [30,31] on CeCu6 and on
U2PtC2 and Awasthi et al. [32] on CeAl3 and are collected in Ref.
[14]. These far infrared reﬂectivity measurements at low tempera-
tures are yet to be performed on CeN.
But between 30 meV and 12 eV the reﬂectivity could be mea-
sured on single crystals of CeN at 300 K [33] and it is displayed
in Fig. 5. The minimum due to the plasma resonance of free elec-
trons and holes is visible at about 1.5 eV (inset), superimposed
by an interband transition at about 1 eV and a peak at about 2, 4
and 8 eV. It is this peak at 2 eV which gives the crystals the orange
to golden color.
A Kramers–Kronig (KK) analysis with suitable extrapolations to
x? 0 and x?1 could be performed with this large spectral
range [33] and the dielectric functions could be obtained. The opti-
cal conductivity r1 as the absorptive part is shown in Fig. 6. In this
representation only, even the small peak at about 1 eV, superim-
posed in the reﬂectivity with the plasma edge, is clearly discernible.Fig. 5. Optical reﬂectivity of CeN single crystals between 30 and 13 eV photon
energy.These narrow peaks at 1 and 2 eV must be connected with the 4f
band, in or out, because these narrow features are absolutely absent
in other rare earth nitride spectra with low lying 4f’s.
In another representation of the imaginary part (absorptive)
of the dielectric function e2, (r1(x) =x e2(x)/4p) one can
decompose the contribution to e2 of bound eb2 and free ef2 elec-
trons with the help of the KK relation [34]. The basic assumption
for the special case of CeN has been that there is no remarkable
contribution of interband transitions below about 0.8 eV and a
Drude like behavior of the conduction electrons, taking ef2 to
be: ef2ðxÞ ¼ xopcf=xðx2 þ cf2Þ with a frequency independent
damping factor cf.
The result of the decomposition [35] of e2 into eb2 and em2 is also
computed for temperatures of 5, 300 and 500 K. At 300 K the ﬁt of
ef2 with a Drude term, where the eb2 of the transition at 1 eV could
be separated, permits the evaluation of the optical plasma reso-
nance xop(300) to be 3.8 ± 0.2 eV, of cf to be 0.7 ± 0.2 eV and of
nopt = 0.33 ± 0.04 el/ion, taking moeff =me. The latter represents
the electrons and holes due to p–d overlap and the number corre-
sponds nicely to the value of 0.34 obtained from the lattice con-
stant [11] (see above).
At 5 K the plasma resonance, Dxpo/xpo(300) = +5.3% and at
500 K 10.5% and the carrier concentration Dnopt/nopt(300) =
+10% at 5 K and 18% at 500 K. The measurement of the tempera-
ture dependence of the plasma resonance corresponds roughly to
the Hall effect (with temperature independent moeff) and we learn
that at 5 K we have more charge carriers than at 300 and 500 K.
This means that CeN is more tetravalent at low temperatures and
more trivalent at high temperatures. Again this is concomitant
with measurements of the temperature dependence of the lattice
constant [11], decreasing at low temperatures since the ionic ra-
dius of tetravalent Ce is smaller than trivalent Ce. The electrical
resistivity had been measured above room temperature already
in 1963 [9] and its temperature dependence is metallic.
But we can try to connect the optical transitions of Fig. 6 with
the combined XPS and BIS spectra of Fig. 1. It is possible that the
optical transition around 8 eV in Fig. 6 goes from the minimum
of the p band at L directly to the maximum of the d band at L in
Fig. 4. The 4 eV peak in Fig. 6 would correspond to the direct p–d
transition at C (consult Fig. 4), the peak at 2 eV would correspond
to a direct transition d–f at X and the peak at 1 eV in Fig. 6 would
be the unusual transition occupied 4f to empty 4f, which have dif-
ferent 5d admixture and different density of states [26,15]. This
transition has a low oscillator strength as an intra 4f transition.
One should not forget that the red color in the television set is
due to an intra 4f transition in Eu doped YVO3.Fig. 6. Real part r1 of the optical conductivity of CeN single crystals.
Fig. 8. Speciﬁc heat cp of CeN single crystals below 2 K, without and with a
magnetic ﬁeld of 15 kOe.
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But the question remains: is CeN also a heavy fermion besides
being intermediate valent? The above theoretically derived values
of c and meff/me are not too exciting, but the Pauli susceptibility
speaks for a large density of states at EF. Such a Pauli susceptibility
has otherwise only been found in intermediate valent PuS, PuSe
and PuTe [17,18] or Am chalcogenides and pnictides [2].
Stewart [19] in his review article of 1984 about heavy fermions
describes 8 such materials, none has a Pauli susceptibility but all
have a 1/v Curie–Weiss susceptibility with a negative hp. Of course
their c values and effective masses are often much larger than we
described above. Even Ce compounds like CeCu6 and CeAl3 behave
this way. But there is a lengthy discussion if one should consider
the heavy fermions due to the Kondo effect or a Kondo lattice.
The conclusion was that it is ‘‘kondoesque’’ without commenting
that a Kondo lattice with its f–d hybridization necessarily has a
hybridization gap and the important point is the position of the Fer-
mi level, in the gap or in the adjoining density of states peaks [14].
We show in Fig. 7 the two density of states peaks around EF for
CeCu6 as derived from a far infrared low temperature optical reﬂec-
tivity, permitting optical transitions between the two peaks [30].
It is now clear that we have to measure the speciﬁc heat of our
stoichiometric single crystals of CeN.
We used a 3He cryostat permitting temperature down to 0.3 K
and show in Fig. 8 cp versus T below 2 K. In the magnetic ﬁeld free
case the speciﬁc heat is linear, extrapolating to cp = 0 for T = 0.
There is a small peak at about 0.62 K, which has not the signature
of a magnetic ordering. Magnetic ﬁelds up to 15 kOe do not en-
hance the peak or smear it out, but the linear part of the speciﬁc
heat is enhanced due to the magnetic induced partial spin order
and the corresponding magnetic energy.
All 8 heavy fermions discussed in the review article of Stewart
[19] have such peaks at various low temperatures, besides peaks
due to superconductivity or magnetic ordering. No explanation is
offered in that article, but the essence of f–d hybridization is not
understood: namely the two peak structures in the density of
states near EF with an hybridization gap in between as exempliﬁed
in Fig. 7 for CeCu6 [30]. This now is a classical two level system,
which results in the speciﬁc heat in a Schottky anomaly at various
temperatures, depending on the material and the degree ofFig. 7. Optical reﬂectivity of CeCu6 single crystals between 1 meV and 13 eV photon
energy at 5 and 300 K. The inset shows the density of states and the Fermi level at
very low energies [30].intermediate valence. Do not forget, that each heavy fermion is
also intermediate valent, but not every intermediate valent mate-
rial is a heavy fermion (example SmB6, PuTe, YbN) [14].
A plot cp/T against T2 below 10 K shown in Fig. 8 reveals a
straight line with an extrapolated c (T? 0) of 8 mJ/mole K2 and a
slope b = 0.051 mJ/mole K4. With H3 ¼ 125 p4 NkBb , using NkB = 52/
3 J/mole K for a diatomic molecule, we obtain H = 427 K. This
should be compared with H = 320 K for LaN [36] and H = 355 K
for PrN [36]. We observe that CeN does not ﬁt in between, but
has a H near 440 K like LuN [36].
In spite of themasses,which are in between those of LaNandPrN,
CeN has amuch smaller lattice constant due to the intermediate va-
lence between Ce3+ and Ce4+. It would correspond to a Ce3+N under
high pressure, which makes the lattice harder and thus the Debye
temperaturehigher. It is remarkable that inRef. [24], calculating also
elastic properties of CeN, H is with 433 K practically the same as
experimentally observed. However, the f–d hybridization should
also lead to a negative c12, but it is calculated as positive. A negative
c12 holds for all 4f–5d and 5f–6d intermediate valent materials [14].
But it is a surprise, that below about 2 K the c value shoots up
like in a heavy fermion, but not reaching the high values as those.
Nevertheless a temperature dependent c value is typical for heavy
fermions. However, the values do not even reach the calculated
values obtained from the Pauli susceptibility (see above) of
43 mJ/mole K2 but remain at about 15 mJ/mole K2. Thus CeN can-
not be considered a heavy fermion, at most a ‘‘light weight’’ heavy
fermion, but it is intermediate valent.
In Ref. [16] are high resolution UPS results on various Ce alloys
reported, including CeN. Whereas we consider the experimental
results as convincing when the sample quality is stoichiometric,
the theory makes use of the single impurity Kondo or Anderson
model of Gunnarson and Schönhammer [37]. However, this model
is no longer adequate and one has to use the Kondo or Anderson
lattice case. This model treats the hybridization more correctly
and exhibits a two-peak structure with a hybridization gap in be-
tween. This is experimentally shown e.g., in Fig. 7 for CeCu6, where
optical transitions are possible between the two peaks [14,30]. In
Fig. 10 we show a density of states plot of the single impurity Kon-
do case (left) and the Kondo lattice case (right) [38,14]. But in Ref.
[16] theory predicts in CeN the c value of the speciﬁc heat for T? 0
to 170 mJ/mol K2, whereas the experiment (see Fig. 9 and Ref. [11])
is 8 mJ/mol K2, orders of magnitude off, and v (T? 0) as 5.8  103
emu/mol, whereas the experiment (Fig. 2) yields 0.70  103 emu/
mol, off by nearly one order of magnitude. When the calculations
are correct, then the starting point with the Gunnarson–Schön-
hammer single impurity model [37] is not adequate.
Fig. 9. cp/T versus T2 of CeN single crystals below 10 K.
Fig. 10. Schematic spectrum of the density of states of (a) the impurity Kondo case
and (b) the Kondo lattice, including split off bands at EF and EF + U and the many
body resonance of width TK. The scale TK is expanded for clarity (After Refs. [38] and
[14]).
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CeN is one of the many rare earth nitrides, the physical proper-
ties of which are described in the literature with contradicting re-
sults. The main reason is the off stoichiometry of the samples,
which has only been measured in rare cases and then with signif-
icant metal excess. It has already been realized in the ﬁrst mea-
surements of the lattice constant that there is an anomaly, CeN
having a much smaller lattice constant than both neighbors LaN
and PrN. The conclusion was always correct, namely that CeN
was a mixture of trivalent and tetravalent Ce, or in its modern
description intermediate valent. The degree of valence mixing is,
however, one of the discrepancies in literature. The question
whether CeN is a heavy fermion could be solved in as much as
the c value of the speciﬁc heat is too low to account for a heavy fer-
mion. The true heavy fermions described in the review article by
Stewart [19] have all a Curie–Weiss susceptibility with a negative
hp, whereas CeN exhibits a strong temperature independent Pauli
susceptibility. In contrast to all other heavy fermions the spin sys-
tem is much diluted in CeN, about half of the Ce ions (Ce4+) do not
carry a magnetic moment. Or in the band description the 4f1 band
at EF is only about half ﬁlled. Therefore strong magnetic effects are
absent and the weaker Pauli susceptibility is dominant as result of
a large f density of states at EF.The band structure of CeN could be conﬁrmed by combining
XPS, BIS and optical reﬂectivity with the band structure calculation
on CeN [22–27].
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